Objective: The purpose of this study was to determine whether estrogen supplementation primarily from oral contraceptive pills compared to no estrogen supplementation is associated with differences in mean bone mineral density (BMD) measured by DXA in a cross-sectional study of women with cystic fibrosis (CF). Methods: In this cross-sectional study of women with CF followed at a single center, we analyzed 49 women with CF ages 18-50 years with a documented DXA. BMD of women with CF taking estrogen supplementation was compared to BMD of women with CF not taking estrogen supplementation. Results: Twelve women with CF were taking estrogen supplementation with mean dose of 23.3 mcg/day (SD 6.9 mcg/day) of ethinyl estradiol. There were no statistically significant differences between demographics of the 12 women with CF taking estrogen supplementation compared to the 37 women with CF not taking estrogen supplementation. Women taking estrogen had lower mean lumbar spine Z-score: −0.7 ± 0.7, compared to women not taking estrogen, Z-score: −0.04 ± 1.0 (p-value 0.046). Women taking estrogen had lower mean BMD at the lumbar spine: 0.952 ± 0.086 g/cm 2 , compared to women not taking estrogen: 1.023 ± 0.105 g/ cm 2 (p-value 0.038). Similar trends were seen at the total hip and femoral neck. Conclusion: Low-dose estrogen supplementation in premenopausal women with CF was associated with lower BMD compared to no estrogen supplementation in a similar group of premenopausal young women with CF. Future studies are needed to investigate the optimal formulation, route of administration, and dose to accrue and preserve bone mass in premenopausal women with CF.
Introduction
Over 24% of adults with cystic fibrosis (CF) have low bone mineral density (BMD) [1] . As the median expected survival of patients with CF, now 44 years [1] , increases with advancements in CF therapies, so too will the prevalence of CF-related bone disease (CFBD). CFBD increases the risk for low-impact [2] and vertebral fractures [3] . Vertebral fractures limit the ability to perform daily therapies necessary to maintain optimal lung health [3] . Primary prevention for osteoporosis includes treatment of hypogonadism, treatment of vitamin D deficiency, optimizing calcium and vitamin K intake, optimizing body mass index (BMI), and increasing weight-bearing activities [4] . These are all recommended in the current CF Foundation guidelines for CFBD [3, 4] .
Few studies have investigated the impact of estrogen supplementation on bone mass in women with CF.
Some women with CF have delayed menarche [5] [6] [7] , irregular menses and fertility problems, in addition to decreased quality of life [8] , which can be related to untreated hypogonadism. Condoms and oral contraceptives are the most common forms of contraception used by patients with CF [9] ; recent cross-sectional studies found 17 -30% of women with CF use oral contraceptives [10] [11] [12] . Recent studies of healthy adolescents and young adults have raised concerns that doses of oral ethinyl estradiol commonly found in oral contraceptives are inadequate for attaining peak bone mass [13, 14] .
The purpose of this study was to determine whether estrogen supplementation primarily from oral contraceptive pills compared to no estrogen supplementation is associated with differences in the mean indices of BMD as assessed by dual X-ray absorptiometry (DXA) in a cross-sectional study of women with CF. We hypothesized that estrogen therapy in women with CF results in differences in lumbar spine BMD compared to no estrogen therapy in women with CF.
Material and methods

Human subjects
The parent study was approved by the IRB. Health information of women with CF presenting for follow-up at a single CF center over a 12week period was collected to screen for potential subjects of the parent study. Adults with CF are recommended to have follow-up approximately every 3 months; thus, the study was designed to capture most of the women actively seen in our center. Women aged 18-50 years were included if they had a diagnosis of CF confirmed by genotype or sweat chloride testing. Women older than 50 years were excluded as they were assumed to be post-menopausal. As BMD by DXA was the primary outcome of interest in this secondary data analysis of screened subjects, women with CF without a documented DXA result were excluded. The current CF Foundation and European guidelines for CF care recommend screening for CFBD in all subjects with CF older than 18 years at least once every five years [2, 3] .
Data collection
The subjects' health information was extracted from the electronic medical record including their most recent DXA report. DXAs had been performed as routine screening for patients with CF on both Hologic and Lunar machines. As the majority of subjects had their most recent DXA performed on a Hologic machine, the BMD was converted to Hologic equivalent according to industry-accepted formulas [15] . Women were classified as currently taking estrogen or not according to the medication list in their clinic note. The medication list is typically updated by the medical assistant or nurse rooming the patient at each clinic visit and verified by the pulmonology healthcare provider.
Statistical analysis
The mean BMD and BMD Z-score at the lumbar spine, femoral neck and total hip were compared via 2-tailed t-tests according to estrogen supplementation status. The normal distribution of the dependent variables was confirmed using Shapiro-Wilk, Kolmogorov-Smirnov, Cramer-von Mises and Anderson-Darling tests and inspection of probability plots for normality. Hemoglobin A1 C was not normally distributed and was compared with Wilcoxon rank sum test between exposure groups. Categorical variables were compared by chi-squared test or Fisher's exact test if sparse data. Sensitivity analyses excluding the three subjects exposed to progesterone without estrogen and the two subjects on systemic steroids were performed. All calculations were performed in SAS version 9.4 (SAS Institute Inc., Cary, NC).
Results
Subject demographics
Of the 127 women seen in the CF clinic during the study period, 49 women met inclusion criteria. Of these 49 subjects included in this this study, 12 women were documented as taking estrogen and progesterone, 3 women were using progesterone only, 34 women were taking neither estrogen nor progesterone and no subjects were taking estrogen without progesterone. Of the 49 subjects, two subjects were documented as having living children, and no subjects were pregnant during the screening period. As the diagnosis of osteoporosis in premenopausal women requires a Z-score < −2 in addition to a significant trauma history [16] , none of the subjects could be categorized as having osteoporosis because fracture history was not available for these subjects.
Demographics of women taking an estrogen supplement
Of the 12 women taking an estrogen supplement, the mean age was 31.4 years (SD 8.1 years), 33% were F508del homozygous, and 75% were Caucasian. Of women taking estrogen, 25% had CFRD, 83% had exocrine pancreatic insufficiency, and one subject (8.3%) had a previous transplant ( Table 1 ). The mean dose of the estrogen supplement taken by the subjects was 23.3 ± 6.9 mcg/day of ethinyl estradiol, range 10-30 mcg/day. Of the 12 subjects taking estrogen, 11 were taking oral ethinyl estradiol and one was taking transvaginal ethinyl estradiol.
Demographics of women not taking an estrogen supplement
Of the 37 women not taking an estrogen supplement, the mean age was 30.4 years (SD 7.1 years), 57% were F508del homozygous and 89% were Caucasian. Of women not taking estrogen, 38% had CFRD, 97% had exocrine pancreatic insufficiency, and no subjects had a previous lung or liver transplant. Three of the subjects not taking an estrogen supplement were using progesterone: one woman had a progesterone implant and two women were taking progesterone-only pill. Subjects taking estrogen supplement compared to subjects not taking estrogen supplement did not differ significantly in baseline characteristics (Table 1) .
BMD among women with CF taking estrogen vs not taking estrogen
Comparisons of BMD Z-score and age by estrogen supplementation status are shown in Figs. 1-4. As detailed in Table 2 and shown in Fig. 5 , women taking estrogen had lower lumbar spine and femoral neck BMD Z-scores compared to women not taking estrogen (p-value 0.046 and 0.049, respectively). Women taking estrogen also had lower BMD at the lumbar spine compared to women not taking estrogen (pvalue 0.038). Similar but non-significant trends were seen at the total hip and femoral neck ( Table 2 , Fig. 5 ).
Sensitivity analysis
Results were similar when excluding the three subjects who were exposed to progesterone without estrogen. Estrogen exposed subjects compared to unexposed subjects had lower lumbar spine BMD (p-value 0.048), lower lumbar spine Z-score (p-value 0.055), and lower femoral neck Z-score (p-value 0.052).
The two subjects taking systemic steroids had been on chronic steroids for allergic bronchopulmonary aspergillosis (ABPA) and immunosuppression after transplant. When excluding these two subjects, the results were similar as well. Estrogen exposed subjects compared to unexposed subjects had lower lumbar spine BMD (p-value 0.041), lower lumbar spine Z-score (p-value 0.051) and lower femoral neck Z-score (p-value 0.063).
Discussion
In this cross-sectional study of young adult women with CF, the use of estrogen supplementation compared to no estrogen supplementation was associated with lower bone mineral density at the lumbar spine, femoral neck and total hip. These findings were significant at the lumbar spine. The women taking estrogen supplementation were primarily taking combined oral contraceptives containing ethinyl estradiol. These findings raise concern that the estrogen supplements being Fig. 1 . Lumbar spine Z-score vs age by estrogen exposure: Bone mineral density Z-scores at the lumbar spine from each subject taking estrogen (red triangles) compared to each subject not taking estrogen (blue squares). The dashed line represents Z-score of 0. Only 2 (16.7%) women with CF taking estrogen had a Zscore > 0; whereas, 17 (45.9%) women with CF not taking estrogen had a Zscore > 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Femoral neck Z-score vs age by estrogen exposure: Bone mineral density Z-scores at the femoral neck from each subject taking estrogen (red triangles) compared to each subject not taking estrogen (blue squares). The dashed line represents Z-score of 0. Of the women with CF taking estrogen, 3 of 12 (25%) subjects had Z-score > 0; whereas, 20 of 36 (55.6%) subjects with CF not taking estrogen had Z-score > 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Total hip Z-score vs age by estrogen exposure: Bone mineral density Zscores at the total hip from each subject taking estrogen (red triangles) compared to each subject not taking estrogen (blue squares). The dashed line represents Z-score of 0. Of the women with CF taking estrogen, 4 of 12 (33.3%) subjects had Z-score > 0; whereas, 19 of 36 (52.8%) subjects with CF not taking estrogen had Z-score > 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . Box plots of BMD Z-score by estrogen exposure: Women exposed to estrogen compared to women not exposed to estrogen had lower BMD Z-score at lumbar spine (p-value 0.046), femoral neck (0.049), and total hip (> 0.05).
taken by these women were inadequate for attaining peak potential bone mass or maintaining bone mass, possibly due to the dose of ethinyl estradiol (10-30 mcg per day).
It is well established that estrogen deficiency causes loss of bone mass, primarily trabecular bone, and increases fracture risk. Estrogens inhibit osteoclasts and stimulate osteoblasts [17] . Within one year of menopause, loss of trabecular bone and increased bone resorption without compensatory increase in bone formation is apparent [18] . As the DXA site with most trabecular bone, the lumbar spine is the most sensitive to sex hormone status. Similar changes have been shown in conditions affecting younger women including eating disorders and female athletes [19, 20] .
Recent studies of healthy adolescents have raised concerns that oral ethinyl estradiol dosing of less than 20 or 30 mcg per day is inadequate for optimal accrual of bone. In a 4-year observational study of healthy Finnish adolescents ages 12-19 years who were estrogen naïve, subjects who did not take any estrogen for contraception had a greater increase in lumbar spine bone mineral content compared to those who were exposed to estrogen for contraception for 1-2 years [13] . The adolescents in this study who took contraception for more than 2 years had the lowest increase in the lumbar spine bone mineral content compared to those who were exposed to contraception for 1-2 years and no exposure [13] . In this observational study, the maximum dose of ethinyl estradiol taken was 35 mcg, and 81% of the subjects took 30 mcg or less of ethinyl estradiol daily [13] . In another study of 67 healthy Brazilian adolescents ages 12-19 years who were naïve to hormonal contraception, subjects who took combined oral contraceptive containing 20 mcg ethinyl estradiol for one year had lower increases in lumbar spine bone mineral density and content than those who did not take hormonal contraception [14] . These two studies in healthy adolescents and young women suggest that estrogen supplementation from oral conceptive pills may adversely impact the accrual of bone mineral content. These findings raise concern that oral estrogen supplementation in women with CF may also be inadequate to protect against CFBD.
The optimal dose and route for estrogen supplementation to optimize bone health in adolescent girls and young women is unclear. The most recent guidelines for management of primary ovarian insufficiency (POI) by the European Society of Human Reproduction and Embryology [21] favor transdermal estrogen for optimization of bone health. In an open-label randomized crossover trial, 18 women ages 18-39 years with POI due to Turner Syndrome, oophorectomy, or idiopathic took one year of combined oral contraceptive containing 30 mcg ethinyl estradiol or one year of transdermal estradiol with transvaginal progesterone before crossing over to the other treatment arm for another year. During treatment with transdermal estradiol, subjects accrued more lumbar spine BMD and had increased markers of bone formation than during treatment with combined oral contraceptive, suggesting that transdermal estrogen may be more beneficial on bone accrual than oral estrogen [22] . Similarly, in a study of oligo-amenorrheic athletes ages 14-25 years, the subjects randomized to 100 mcg of daily transdermal estradiol had higher BMD at the lumbar spine and femoral neck after one year compared to those randomized to a daily combined oral contraceptive with 30 mcg ethinyl estradiol or no treatment [23] . These findings in hypogonadal adolescents and young women suggest that transdermal estradiol may be superior to oral estradiol for accruing and maintaining bone density. However, there are no studies in girls or women with CF comparing the effects of transdermal estradiol to oral estradiol on bone health.
This cross-sectional study relied on DXA performed as routine screening for CFBD. Only 57% of women ages 18 -50 years followed in the CF clinic had a DXA documented which is consistent with national screening rates for CFBD with 54% of individuals with CF (range 0-94.7%) having had a DXA in the prior 5 years [1] . Also, DXA scan was not necessarily performed at the same time as the clinic visit. Because DXA scans were obtained for clinical purposes, it is possible that there may have been unintentional bias in terms of which patients had DXA scans and those who did not. Another potential limitation is the relatively small number of subjects evaluated. However, despite a relatively low number of subjects, we were still able to detect significant differences in BMD at the lumbar spine and femoral neck.
Limitations of this study include potential misclassification bias regarding estrogen supplementation status due to reliance on documentation within the electronic medical record. The duration of estrogen use was unknown. Similarly, the reason why subjects were taking oral contraceptives was unknown. The rate of contraception use, as defined by prescription of a product that can be used for contraception, in this study was 24.5%. This is similar to rates of hormonal contraception use reported in other cross-sectional studies of women with CF (17-30%) [10] [11] [12] . Some subjects may have been taking oral contraceptives to optimize their bone health and for primary prevention of osteoporosis. Some women may have been taking estrogen supplementation for other indications such as regulation of menses, acne, or contraception. Due to the cross-sectional nature of this study, we cannot conclude that low-dose contraceptive pills are the cause of lower BMD . Lumbar spine BMD Z-score by ethinyl estradiol dose: The lumbar spine BMD Z-score of subjects exposed to estrogen (red triangles) are plotted against the average daily dose of ethinyl estradiol in their prescribed estrogen supplement. Subjects exposed to progesterone only without estrogen (purple circle) have been plotted adjacent to subjects exposed to neither estrogen not progesterone (blue square). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) in these women with CF, but these findings underscore the importance of future prospective longitudinal studies and clinical trials in this field.
Conclusion
In summary, we found that low-dose estrogen supplementation in premenopausal young women with CF was associated with lower bone mineral density compared to no estrogen supplementation in a similar group of premenopausal young women. Future studies are needed to investigate the optimal formulation, route of administration, and dose to accrue and preserve bone mass in premenopausal women with CF. Healthcare providers should be wary that standard oral contraceptives that contain estrogen may not be adequate for skeletal health in CF and should monitor bone mineral density of their patients according to CF Foundation guidelines. 
